In the rigid band approximation dopants in semiconductors only change the Fermi level and carrier concentration such that different dopants are thought equivalent when fully ionized. In this work we examine the small but significant difference in mobility due to the type of dopant in heavily doped PbSe by studying n-type samples doped with Br, In and Bi. We propose that cation and anion dopants lead to a difference in mobility at high concentrations. This can be understood considering the predominance of cation states to the conduction band and anion states to the valence band. For higher mobility and better performance for most applications of heavily doped semiconductors, dopants should be on the site that is of less influence on the chargeconducting band. This concept can be viewed as an analog of modulation doping on the atomic level. Its physical origin is the random potential due to disorder that perturbs carriers, which is also the origin of Anderson localization at low temperature, a well-studied topic in theoretical physics. In thermoelectric PbSe, the selection of dopant can lead to 10% difference in mobility and in zT.
Introduction
For most of their applications semiconductors need to be doped to have desired electrical properties. In many cases this is done by substituting some of the atoms with a different element e.g., the dopant. Adjusting the dopant content, and hence free carrier concentration, provides essential control over conductivity for each specic application.
Doping of a semiconductor also affects the transport properties through carrier scattering events as the existence of impurities inevitably gives rise to additional carrier scattering. Classic transport theory formulates the interaction between carriers and dopant impurities with a columbic interaction between charge carriers and the ionized atomic core: the ionized impurity scattering. 1 The formulism does not take into account details of the impurity other than its relative valence such that different dopants with the same valence are considered equivalent as long as they are fully ionized without compensation (we shall exclude special cases where the dopants are of resonant nature [2] [3] [4] ). A majority of applications of semiconductors in electronic, optoelectronic, or photovoltaic devices use dilute doping with free carrier density below 10 18 cm À3 (about 0.01% atomic substitution for monovalent dopant), where the different nature of dopants is described by the discrete defect levels observable at low concentrations and low temperatures. Once the carriers are activated their mobility is thought determined by the host material rather than the type of dopant. Some applications such as thermoelectric materials, 5, 6 or conductive oxides 7, 8 require doping of semiconductors to carrier densities between 10 19 and 10 21 cm À3 , corresponding to dopant concentrations of up to a few percent, heavily doped semiconductors show metallic behavior and the activation of carriers are not observed.
In this work we compare the inuence of different dopants on mobility in heavily doped compound semiconductors. The compound studied here is PbSe, which has received great interest [10] [11] [12] [13] recently as a promising thermoelectric material for application between 600 K and 900 K. We nd that for free electron density above 2 Â 10 19 cm À3 , the anion dopants lead to higher mobility than the cation dopants. This can be qualitatively understood with a picture 14 given by Ioffe ( Fig. 1) : the same degree of disorder leads to less mobility reduction when it is introduced on the sub-lattice that has less character for the charge conducting band. Also note that heavily doped semiconductors are essentially disordered systems, hence the underlying physics shares the same origin with other known effects associated with disorder, for instance, the Anderson localization, 15, 16 which has been extensively studied in theoretical physics. Separating the disorder of doping from the part of the crystal most relevant to the charge transport enables higher mobilities. We further demonstrate that the difference in mobility found in PbSe is also seen in other heavily doped compound semiconductors. Thus we conclude that there is a chemical effect from the dopants for heavily doped compound semiconductors, which leads to a difference in carrier mobility for the same amount of dopant.
A well-known principle of doping for higher mobility is the modulation doping in heterostructures, 17, 18 where the dopants are spatially separated from the two-dimensional electron gas formed at an interface. In nanostructured bulk semiconductors, it has also been suggested 19, 20 that a modulated doping prole leads to higher conductivity. The difference in mobility seen here is the result of an effect analogous to the modulation doping on the atomic level.
Experimental methods
All samples are made with melting and reacting the elements followed by annealing and consolidation. The experimental detail for Br doped PbSe with slight Pb excess (Pb 1.002 Se 1Àx Br x ) was reported previously. 21 For the cation substituted samples elements were weighed according to formula Pb 1.002Àx In x Se and Pb 1Àx Bi x Se, then sealed in carbon coated quartz ampoules with vacuum <10
À4 torr and melted at 1373 K for 6 hours, followed by water quenching. The ingots were annealed in the same ampoule at 950 K for 3 days. Hand ground ingots were then consolidated with induction heated hot press 22 at 873 K under 1 atm argon and uniaxial pressure of 40 MPa for 20 minutes. All samples are dense with >98% relative density. These samples have nearly ideal doping efficiency from charge counting assuming one carrier for each dopant atom. The temperature dependent resistivity and Hall coefficient were measured by the van der Pauw method. 23 The Seebeck coefficient at different temperatures was measured under oscillating temperatures with Chromel-Nb thermocouples.
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These properties are isotropic based on previous study on Br doped PbSe. For each measurement data were collected during both heating and cooling. The uncertainty of each measurement is about 5%.
Density of states calculation was performed using the Korringa-Kohn-Rostoker Green function formalism under the coherent potential approximation (KKR-CPA). The experimental room-temperature lattice constants and the von Barth-Hedin formula 25 for the exchange energy were used. For all atoms the angular momentum cut-off, l max ¼ 2 was set and semi-relativistic calculations of core level were employed. A dense mesh of 600 k points in the irreducible wedge of the Brillouin-zone was used. Final converged total energy below 10
À6 Ry was applied in the self-consistent cycle. The energy at valence band edge is set as zero.
For bulk materials the inuence from compensating defects or grain boundary trapping of dopants could easily affect the observed inuence of the dopants. We try to mitigate this in multiple ways. First, lead chalcogenides have extraordinarily large dielectric constants 26 which screen the long-range effects from structural defects, making it possible to achieve mobilities in polycrystalline samples as high as in single crystals and high quality thin lms. Second, we compare multiple batches and use only samples with no compensation/activation behavior for analysis. The doping efficiency is close to 100% for all samples from this study shown. One measure to achieve this is by using a slight excess of Pb to prevent "killer" Pb vacancy defects 27 (not for Bi doping due to its amphoteric nature); third, we compare our result with all literature values and assure they reect the highest mobilities achieved.
Results and discussion
Comparing different n-type dopants ( Fig. 2) we nd that higher mobility is achieved with anion dopants as opposed to cation dopants. Fig. 2 (a), which shows the mobilities of cation and anion doped n-type PbSe at 300 K, includes results from our studies as well as other results for n-type PbSe (only the high mobility samples are compared). Halogens are common dopants on the anion site for lead chalcogenides and we have used Br for our previous study 21 on n-type PbSe due to its closest atomic size to Se, whereas Cl is also oen used by other Fig. 1 In an ionic lattice the conduction band is mostly formed by cation (blue) atomic orbitals and the valence band by anion (orange) orbitals, hence a donor on the cation site (green) causes a larger perturbation of the periodic potential (illustrated as colored lines) to the conduction band, which scatters electrons more than holes; whereas a donor on the anion site (red) perturbs more the valence band and therefore the holes.
researchers. [28] [29] [30] Interestingly the use of Cl leads to the same mobilities as Br (for same n H ) despite of the atomic size difference. Typical cation dopants for lead chalcogenides include group III elements Al, Ga, In and group V elements Sb, Bi. In this work we made In and Bi doped PbSe because the atomic sizes are closest to Pb. Doping by other group III (ref. [31] [32] [33] [34] and group V (ref. 35 ) elements has been reported by other researchers and most of these results are also included. Rare-earth elements have also been used for PbTe 36, 37 or PbSe, 38, 39 we found in PbSe their doping efficiency is very low
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(about 5% from charge counting for La) thus the results are not included. Doping of PbSe with transition metal Nb has also been reported 40 where the study found a signicant change of effective mass, presumably due to change in band structure, so this result is not compared.
For samples with n H ¼ 2 Â 10 19 cm À3 and above, there is a striking difference between cation and anion doped samples, throughout all studies from different groups. High mobility is achieved only from anion doped samples, cation dopants are distinctly inferior. Moreover, the difference in mobility between cation and anion doped PbSe remains at high temperatures as shown in Fig. 2(b) . A lower mobility could come from either a heavier effective mass or increased carrier scattering, the former one is less likely as the effective mass appears unchanged. The same density of states effective mass is demonstrated by the similar carrier density dependence of the Seebeck coefficient, as shown in Fig. 3 for both (a) 300 K and (b) different temperatures. Keeping in mind the uncertainty in both carrier density and Seebeck coefficient measurements, which can be expected to be less within the same research groups, Fig. 3(a) to be a resonant dopant in PbSe below or at 300 K, however the transport properties from our study suggests only regular doping behavior at 300 K and above. We notice that this agrees with recent independent reports by Androulakis et al. 34 and Evola et al. 31 As the temperature increases, again the same Pisarenko relation is seen for anion (Br) and cation (In, Bi) doped samples, as shown in Fig. 3(b) .
The electronic density-of-states (DOS) of PbSe upon 0.3% doping with Br, Bi and In are calculated using the KorringaKohn-Rostoker Green function formalism under the coherent potential approximation (KKR-CPA), as shown in Fig. 4 . For Bi, the DOS near the band gap stays identical to undoped PbSe, which validates the rigid band assumption 41 commonly used in doping-related modeling. For In additional states are seen near the conduction band edge. These states are In s-states that may be localized. Although at lower temperatures they might lead to anomaly in transport that gives this dopant its resonant behavior, at room temperature and above they showed experimentally no change to the effective mass of the charge carriers. Note that the local lattice relaxation due to In substitution is not accounted for in the KKR-CPA calculation, so the DOS distortion shown could also be an artifact of the calculation. The anion dopant Br, is found to best maintain the host DOS up to deep inside the conduction band. This is still true even for the case of 3% substitution, where Br still complies with the rigid band assumption. Both In and Bi at this level on the other hand, alter the host band structure noticeably.
The speed of sound at 300 K are measured for PbSe with 0.3% substitutional Br, Bi and In, no difference beyond the uncertainty of the measurement were seen, indicating the elastic properties of PbSe are not affected by small amount of dopants. Thus all the material parameters 21 that determine the magnitude of acoustic phonon scattering: effective mass m * b , average longitudinal elastic modulus C l , and deformation potential coefficient X, remained unchanged (the inherent material property X should not be affected by impurities on such level).
Impurities introduce perturbation to the potential energy felt by the electronic states. Although the most considered perturbation for dopant impurities derives from the long-range, columbic potential that results in the ionized impurity scattering, 1,42 this mechanism does not dominate the mobility difference seen in this study. For one, the ionized impurity scattering theory treats different dopants equivalently (for example the Brooks and Herring formula) as long as they are of the same valence, fully ionized and randomly distributed. But more importantly, the large dielectric constants in Pb chalcogenides screens the columbic perturbation from ionized impurities such that it is only an insignicant fraction of the total scattering observed.
The short-range interaction remains in this case. It can be described in the same way as the potential perturbation from isovalent substitution. For mobility reduction caused by isovalent substitution, Ioffe made a very simple argument 14 comparing n-and p-type PbTe 1Àx Se x : since the conduction band is has stronger cation character than anion character of atomic electronic states, the substitution on the anion site would disturb the valence band more than the conduction band. Thus the mobility reduction in p-type PbTe 1Àx Se x was found 43 greater than n-type. Ioffe's argument depicts the same physical picture that leads to the Anderson localization, which describes a metal to insulator transition at low temperatures when the random potential due to disorder makes the otherwise extended states localized. At temperatures or carrier energies high enough to prevent localization, the random potential manifests itself as an Anderson localization driven mobility reduction. For the isovalent substitutional case this is well known as the disorder scattering. 44, 45 The similar effect from dopant impurities is much less considered for the carrier scattering process. Nonetheless some researchers have included it as an additional correction term in potential energy as either a "central cell 46 " correction or "strain 47 " induced effect, which reduced the discrepancy between ionized impurity scattering theory and experimental mobilities.
Analogous to disorder scattering, we write the relaxation time for the short-range potential scattering due to dopants in a similar format for nonparabolic, Kane type bands:
where U is the volume per atom, C imp is the dopant concentration, N v is the number of degenerate valleys, m * d is the density of state effective mass at the band edge, 3 is the reduced carrier energy and a ¼ k B T/E g is the nonparabolicity parameter. U imp is the alloy scattering potential due to dopants. We notice very similar expression has been given by Askerov 48 and Daga 47 et al., respectively. For the case of PbSe, if we set U imp of the anion dopants as the relative zero (it is very difficult to accurately determine both U imp and the phonon deformation potential experimentally from mobility data) we could explain the mobility of cation doped PbSe both at and above 300 K, with a U imp of 5 eV. The analogous alloy scattering potential for isovalent substituted alloys were found 49, 50 to be mostly around 1 eV, and 13 up to 3 eV for Pb 1Àx Sr x Se. Conceptually, the scattering potential U imp may be considered in the context of Anderson localization: more perturbation is expected if the randomness is concentrated in the wave functions (atomic orbitals) that have more weight on the charge transporting wave function (bands). In many compound semiconductors this means cation sublattice for electrons and anion sub-lattice for holes.
Two reasons may explain why the short-range potential scattering from dopants is not normally essential to model the mobility. First its localized nature makes it insignicant for lightly doped semiconductors; second, its carrier energy and temperature dependence is too similar to the deformation potential phonon scattering, making them difficult to accurately distinguish from experimental data. Nonetheless, as a semiconductor becomes more heavily doped one can expect the short-range potential scattering effect from dopants to become important. Moreover, in contrast to the mobility due to ionized impurity scattering that shows weak temperature dependence, 7 the mobility from short-range potential scattering decreases with temperature, suggesting its increasing importance for higher temperatures whereas ionized impurity scattering is usually observed at lower temperatures.
Besides the mobility, PbSe doped with anion impurities are found with much better reproducibility when made multiple times, and enables more precise control of the carrier density. This is also reected in literature data where for the anion doped PbSe the doping efficiency is usually close to 100% and the mobilities are in good agreement, whereas for cation doped PbSe low doping efficiency is oen seen, 51 and the mobilities are much more scattered. 31, 33 As a possible reason of this, Zunger's doping principle 27 for compound semiconductors points out that cation doping for n-type semiconductors is less favorable because: effective cation site doping requires cation-rich host compound to suppress the formation of defects (either cation vacancy or anion interstitial) that compensates free electrons; at the same time the host needs to be kept cation-poor to ensure good solubility of cation site impurities. The present study further suggests that even if one managed to achieve efficient cation doping in a n-type semiconductor the mobility is very likely to be not as high as the anion doped counterpart.
PbSe is a promising thermoelectric material and previous studies 12, 13, 35, 52 have suggested zT > 1 in both n-and p-type at 850 K. Fig. 5 plots zT for n-type PbSe doped with anion and cation dopants. The curves are calculated based on material parameters determined previously 53 and through the current study. A net free electron density of 3.3 Â 10 19 cm À3 was chosen to produce optimized zT around 850 K, which is in consistent with experimentally observed values. 21, 29, 33 To the rst order high zT could be achieved with either anion or cation dopants. However, because of the demonstrated difference in mobilities, samples with anion dopants on average should produce zT 10% higher than those with cation dopants, even though the uncertainty in measurements and variation among samples could easily overshadow such difference.
In [62] [63] [64] [65] or Ge, Sn on the anion site, 66, 67 those with cation dopants in this case show higher mobilities. Even though GaAs is generally considered a covalent compound, its valence band has more contribution 68 from As states, this aligns again with Ioffe's picture illustrated in Fig. 1 .
As a supplementary remark, it is worth pointing out that dopants should not be considered equivalent for heavily doped semiconductors in general. Even for the covalent, elemental semiconductor of Si, it is known 69 that P doped Si has higher mobility than those doped with As once carrier density is above 10 19 cm À3 . Selberherr et al. explained this as a correction to the ionized impurity scattering theory using a carrier wave-vector dependent "effective charge" that differs among dopant species. 70 For Pb chalcogenides ionized impurity scattering has insignicant inuence, which is consistent with the nding here that different dopant species on the same lattice site led to , doped with anion dopants and cation dopants. Fig. 6 Mobilities at 300 K as functions of carrier density for (a) n-type PbTe and (b) p-type GaAs, both doped with dopants on different site. Anion dopants lead to higher mobility for electrons and cation dopants lead to higher mobility for holes.
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Conclusion
In summary, for heavily doped compound semiconductors dopants on different sites could make a difference on the mobility of carriers. We explain such difference found in PbSe with the difference in magnitude of disorder scattering from dopants. When heavily doping a compound semiconductor it is preferable to have the dopant on the lattice site with less inuence on the charge-conducting band. Choosing the right type of dopant can be indispensable to optimizing the electronic performance of semiconductors.
